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Edited by Beat ImhofAbstract To understand the role of adventitial ﬁbroblasts (AF)
in diabetic vascular diseases, the importance of high glucose
(HG, 25 mM) on matrix metalloproteinase-2 (MMP-2) produc-
tion in AF was determined. HG enhanced mRNA, protein and
gelatinolytic activity of MMP-2. The enhanced MMP-2 activity
was signiﬁcantly attenuated not only by a PI3K inhibitor but
also by an Akt inhibitor. These HG-induced MMP-2 responses
were markedly reduced in Akt1-deﬁcient (1KO) cells. The dimin-
ished HG-induced MMP-2 responses were completely restored
by re-expression of Akt1. Both the reporter activity and electro-
phoretic mobility shift assay for activator protein-1 and nuclear
factor-kappa B (NF-jB) were enhanced by HG, but NF-jB were
not increased in 1KO cells. Furthermore, HG-induced MMP-2
responses were markedly suppressed by NF-jB decoy oligo-
deoxynucleotides. Based on these results, it is suggested that HG
augments MMP-2 production via PI3K/Akt1/NF-jB pathway.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The complex processes of the vascular remodeling involve
enhanced collagen decomposition and extracellular matrix
(ECM) reorganization [1]. The delicate balances between
ECM synthesis and degradation determine the level of ECM
deposition in the vascular wall. These processes are mediated
by the enzymatic activity of matrix metalloproteinase
(MMP) that is regulated at multiple levels, including transcrip-
tion, secretion and activation of inactive proenzymes [2].
The vascular MMP activity was enhanced in diabetes [3],
and the expression and activity of MMP in vascular cells canAbbreviations: HG, high glucose; MMP, matrix metalloproteinase;
AF, adventitial ﬁbroblasts; ECM, extracellular matrix; NF-jB, nuclear
factor-kappa B; AP-1, activator protein-1; EMSA, electrophoretic
mobility shift assay; ODN, oligodeoxynucleotides
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doi:10.1016/j.febslet.2007.07.058also be modulated by high glucose (HG) [4,5]. Moreover,
hyperglycemia leads to formation of advanced glycation end
products on ECM protein, promoting cross-linking and
changes in matrix assembly [6]. However, although the role
of vascular adventitia in the context of providing cells and
molecules with the capacity to inﬂuence vascular remodeling
has received considerable attention [7,8], the detailed mecha-
nism of action by which HG stimulates MMP activation in
AF is not well known.
AF is not only the major contributor to collagen biosynthe-
sis, but also participates in plaque remodeling via expression
and release of MMP-2 [9]. They also release abundant
amounts of cytokines, particularly in the presence of HG con-
centrations [10]. Thus, in the present study, we conducted
experiments to examine whether HG aﬀects expression and
activity of MMP-2 in cultured AF. In addition, we also inves-
tigated the possible molecular pathways involved in HG-med-
iated production of MMP-2.2. Materials and methods
2.1. Cell lines and reagents
Adventitial ﬁbroblasts (AF) were prepared from the mice thoracic
aorta as described previously [11], and grown in DMEM medium
(GIBCO, NY). Various signal pathway inhibitors and gelatin were
purchased from Sigma (St. Louis, MO) and Calbiochem (Ra Jolla,
CA). MMP-2 antibody was purchased from Santa Cruz Biotechnology
Inc. (Beverly, MA). The cis-reporter plasmids were purchased from
Stratagene (North Torrey Pines Road La Jolla, CA). pRL CMV vec-
tor, ImProm-II Reverse Transcription Systems and dual luciferase re-
porter assay kit were purchased from Promega (Madison, WI). [c-32P]-
ATP and poly (dI–dC)2 were obtained from Amersham Biosciences
(Piscataway, NJ).
2.2. Measurement of mRNA expression
The expression levels of mRNA of mouse MMP-2 were quantiﬁed
by real-time PCR analysis. Each reaction consisted of SYBR Green
PCR Master Mix (Applied Biosystem, Foster City, CA). The sequence
of the MMP-2 primers are 5 0-CTA AGC TCA TCG CAG ACT CCT
GGA ATG-30 (forward primer) and 5 0-GGT TCT CCA GCT TCA
GGT AAT AAG CAC-3 0 (reverse primer). Real-time PCR analysis
was performed on the Applied Biosystems Prism 7900 Sequence Detec-
tion System. The quantitative data were analyzed using the Sequence
Detection system software (SDS version 2.0, Applied Biosystems).
2.3. Western blot analysis
AF were grown in DMEM containing 0.5% FBS medium for 12 h,
and then treated with HG. Equal amounts of supernatants were sepa-
rated onto 8% SDS–polyacrylamide gel under reducing conditions, andblished by Elsevier B.V. All rights reserved.
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Fig. 1. Eﬀects of HG on mRNA, protein and activity of MMP-2 in
AF. AF was incubated with 5.5 mM D-glucose (C) or high concen-
trations (25 mM) of D-mannitol (M) and D-glucose (HG) for 24 h. (A)
The expression of MMP-2 mRNA was quantiﬁed by real-time PCR
analysis (n = 4), using GAPDH mRNA as the internal standard.
MMP-2 protein expression (B) and gelatinolytic activity (C) in
extracellular medium were analyzed by immunoblotting (n = 5) and
zymography (n = 5), respectively. Value are expressed as mean-
s ± S.E.M. **P < 0.01 vs. control.
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branes were exposed to anti-MMP-2 (1:1000), followed by incubation
with HRP-conjugated anti-rabbit IgG antibody, and then the amount
of chemiluminescence was measured by LAS-3000 SYSTEM (Fuji
Photo Film, Japan).
2.4. Zymography
To assess gelatinase activity, the collected supernatant was concen-
trated 30-fold using an Amicon Centricon (Millipore Co., Bedford,
MA, USA), and electrophoretically separated onto 8% SDS–polyacryl-
amide gel containing 1 mg/ml of gelatin. After electrophoresis, the gel
was stained with 0.2% Coomassie brilliant blue R-250 in a mixture of
methanol:acetic acid:water (2:1:7) for 2 h, and then destained in a
destaining solution. Clear zones against the blue background indicated
the presence of gelatinolytic activity.
2.5. DNA sequence and transcription-factor binding site analyses
The mouse MMP-2 promoter sequence was analyzed for transcrip-
tion factor binding sites within the 5 0-upstream region [12] using the
sequence motif search of GenomeNet (http://motif.genome.jp).
2.6. Transient transfection and luciferase assay
Plasmid DNA was prepared using QIAprep Spin Miniprep Kit (Qia-
gen, GmhH, Germany). AF was transfected with CREB, activator
protein-1 (AP-1), nuclear factor-kappa B (NF-jB), and cJUN-lucif-
ease reporter plasmids by using Lipofectamine 2000 reagent (Invitro-
gen, CA). Cell lysates were prepared using lysis buﬀer and were used
for the measurement of luciferase activity according to the manufac-
turer’s instructions for the dual luciferase reporter assay system (Pro-
mega).
2.7. Nuclear extracts and EMSA analysis
Nuclear extracts were prepared as previously described [13]. Sense
and antisense oligonucleotides encompassing the AP-1 and NF-jB
binding sites in MMP-2 promoter region were synthesized: AP-1, 5 0-
ATGGGGCTGAGCCAGAGGAC-3 0: NF-jB, 5 0-ACAGGGGG-
AATCTCCTTTG-30. Electrophoretic mobility shift assay (EMSA)
probes were made by annealing the oligonucleotides and using T4
polynucleotide kinase to end-label the resulting double-stranded frag-
ments with [c-32P]-ATP. The EMSA binding reactions were carried out
in binding buﬀer, 0.5 lg poly (dI–dC)2, 10 lg of the nuclear extract,
and 10,000 cpm of 32P-end labelled probes in a ﬁnal reaction volume
of 20 ll. The samples were incubated for 30 min at room temperature.
The resultant protein/DNA complexes were electrophoretically
resolved on 5% polyacrylamide gels in 0.5 · TBE buﬀer for 3 h at
120 V. The gels were dried and exposed to autoradiographic ﬁlm.
2.8. Synthesis of decoy oligodeoxynucleotide (ODN)
Sense and antisense strands of double-stranded decoy ODN directed
against AP-1, NF-jB and scrambled as a control were synthesized. The
following sequences were used: AP-1 decoy ODN, 5 0-CGCTTGAT-
GACTCAGCCGGAA-3 0; NF-jB decoy ODN, 5 0-CCTTGAAGG-
GATTTCCCTCC-3 0; scrambled decoy ODN, 5 0-CATGTCGTCA-
CTGCGCTCAT-3 0. AF was plated at a density of 2 · 105 cells onto
6-well plate. After 24 h, the cells were transfected with 2 lg of AP-1,
NF-jB, or scrambled decoy ODN using Lipofectamine 2000.
2.9. Statistical analysis
Statistical analysis was performed by Student’s t-test. The results
were presented as means ± S.E.M. Statistical signiﬁcance in all cases
was deﬁned as P < 0.05.3. Results
3.1. Adventitial MMP-2 activation by HG
As shown in Fig. 1A, real-time PCR analyses showed the
expression of endogenous MMP-2 mRNA in AF, which was
markedly enhanced by stimulation with HG. Consistent with
gene transcription, HG enhanced protein expression
(Fig. 1B) and gelatinolytic activity (Fig. 1C) of MMP-2. How-
ever, high concentration (25 mM) of D-mannitol as an osmoticcontrol had no stimulatory eﬀect on mRNA and protein
expression, and gelatinolytic activity of MMP-2. In contrast
to MMP-2, HG caused only weak increase in MMP-9 expres-
sion in AF (Data not shown).
Time-course studies were then carried out to determine the
kinetics of MMP-2 expression in AF in response to HG. As
shown in Fig. 2A–C, expression of mRNA and protein, and
gelatinolytic activity of MMP-2 were started to increase at
4 h after HG treatment. The maximal induction of MMP-2
mRNA and protein occurred at 24 h and 36 h, respectively.
Interestingly, MMP-2 mRNA levels decreased at 36 h, whereas
protein levels decreased later, at 48 h after treatment with HG.
3.2. Eﬀect of HG on signaling proteins in AF
We determined the role of the main signaling pathways in
HG-induced mRNA expression and gelatinolytic activity of
MMP-2 in AF. As shown in Fig. 3A and B, both HG-
enhanced mRNA expression and gelatinolytic activity of
MMP-2 were markedly attenuated by LY294002 (an inhibitor
of PI3Ks) and SH-5 (an inhibitor of Akt), but not by other
inhibitors such as PD98059 (an inhibitor of ERK), SP600125
(an inhibitor of JNK) and SB203580 (an inhibitor of p38
MAPK). These results suggested a possible role of PI3K/Akt
signaling pathway for HG-induced MMP-2 transcription and
activation.
3.3. Role of Akt isoform on HG-induced MMP-2 activation
To investigate whether Akt1 or Akt2 is involved in HG-
induced MMP-2 activation, the Akt/PKB isoform knockout
AF cell lines including wild-type (WT), Akt1/PKBa/
(1KO), Akt2/PKBb/ (2KO), and Akt1/PKBa/; Akt2/
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Fig. 2. Time course of the eﬀects of HG on mRNA, protein and activity of MMP-2. AF was incubated with HG (25 mM) at the indicated times
(0–72 h). (A) The expression of MMP-2 mRNA was quantiﬁed by real-time PCR analysis (n = 4). MMP-2 protein expression (B) and gelatinolytic
activity (C) were analyzed by immunoblotting (n = 6) and zymography (n = 6), respectively. Values are expressed as means ± S.E.M. *P < 0.05,
**P < 0.01 vs. control (0 h).
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Fig. 3. Involvement of PI3K/Akt signaling pathway in HG-induced MMP-2 production. In the presence of the indicated kinase inhibitors including
PD98059 (PD, 10 lM), SP600125 (SP, 10 lM), SB203580 (SB, 10 lM), LY294002 (LY, 10 lM) and SH-5 (SH, 1 lM), AF was stimulated with HG
for 24 h (for mRNA) and 36 h (for zymography). The expression of mRNA (A) and gelatinolytic activity (B) of MMP-2 were quantiﬁed by real-time
PCR analysis (n = 4) and zymography (n = 6), respectively. Value are expressed as means ± S.E.M. **P < 0.01 vs. control, ##P < 0.01 vs. vehicle.
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Fig. 4. Involvement of Akt1 in HG-stimulated MMP-2 production. AF of the indicated genotypes, i.e. wild-type (WT), Akt1/PKBa/ (1KO), Akt2/
PKBb/ (2KO), and Akt1/PKBa/; Akt2/PKBb/ (DKO) were incubated with 5.5 mM D-glucose (C) or high concentrations (25 mM) of D-
mannitol (M) and D-glucose (HG). (A) The expression of MMP-2 mRNA was analyzed by real-time PCR analysis (n = 4). (B) Gelatinolytic activity
of MMP-2 was detected by zymography (n = 6). Value are expressed as means ± S.E.M. **P < 0.01 vs. control.
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Fig. 5. Rescue of the diminished MMP-2 responses to HG in DKO cells by re-expression of Akt1/PKBa. The diminished HG responses of MMP-2
mRNA expression (n = 4) (A) and gelatinolytic activity (n = 7) (B) in DKO cells (DKOM) were markedly enhanced in DKO cells transfected with
Akt1 gene (DKOM1). Value are expressed as means ± S.E.M. **P < 0.01 vs. control.
4192 S.J. Lee et al. / FEBS Letters 581 (2007) 4189–4194PKBb/ (DKO) were stimulated with HG. As shown in
Fig. 4A and B, MMP-2 mRNA expression and gelatinolytic
activity were increased by HG in WT and 2KO cells, but not
in 1KO and DKO cells. Moreover, HG-induced MMP-2
mRNA expression (Fig. 5A) and gelatinolytic activity
(Fig. 5B) were completely restored by re-expression of Akt1/
PKBa in DKO cells (DKOM1), but not by re-expression of
vector only in DKO cells (DKOM). These results suggested
that HG enhanced MMP-2 activation through Akt1-mediated
signal pathway.
3.4. Akt1-mediated NF-jB activation enhances HG-induced
MMP-2 transcription
Putative transcription factor binding sites were identiﬁed in
the region between 1342 bp and 383 bp relative to the tran-
scriptional initiation site in the MMP-2 promoter using the se-
quence motif search of GenomeNet (http://motif.genome.jp).CREB AP-1
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Fig. 6. Eﬀects of HG on the activity of transcription factors in AF. Transcri
jB-Luc, and pcJUN-Luc) against MMP-2 promoter were measured by lucife
*P < 0.05 vs. control, #P < 0.05 vs. corresponding value in WT.Sequence analysis within these regions demonstrated the pres-
ence of consensus elements for several transcription factors
including CREB, NF-jB, AP-1, and cJUN. To investigate
the requirements of these transcription factors for HG-induced
MMP-2 expression, the cis-reporter plasmids were transiently
transfected into WT and 1KO cells, and then its expression
was measured. In WT cells, both pNF-jB-luc and pAP-1-luc
reporter activities were markedly enhanced after 12 h of stim-
ulation with HG. However, in contrast to pAP-1-luc reporter
activity, pNF-jB-luc reporter activity was not increased by
HG stimulation in 1KO cells (Fig. 6), implying the importance
of NF-jB in HG-induced MMP-2 transcription.
In EMSA analyses, HG enhanced the binding of AP-1 and
NF-jB to their corresponding DNA probes in WT cells, but
did not enhance the binding of NF-jB to its DNA probe in
1KO cells (Fig. 7). These results suggest the functional signif-
icance of HG-induced activation of NF-jB for the enhancedNF-κB cJUN
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Fig. 7. Attenuation of HG-induced NF-jB binding to the MMP-2
promoter in 1KO cells. Binding activity of AP-1 and NF-jB probes for
the corresponding binding sites within MMP-2 promoter was analyzed
by EMSA. Representative photograph (A) and quantitative data (B) of
binding activity of AP-1 (n = 4) and NF-jB (n = 5) in WT and 1KO
cells. Each bar represents the means ± S.E.M. **P < 0.01 vs. control,
##P < 0.01 vs. corresponding value in WT.
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in AF.
3.5. Role of NF-jB decoy ODN in HG-induced MMP-2
activation
By using decoy ODN for NF-jB, a possible role of NF-jB
in HG-induced MMP-2 activation was determined. As shown
in Fig. 8A and B, HG-induced mRNA expression and gelatin-
olytic activity of MMP-2 in control cells were signiﬁcantly
suppressed in cells transfected with NF-jB decoy ODN, con-
ﬁrming a key role of NF-jB in HG-induced MMP-2 transcrip-
tion in AF.M
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Fig. 8. Eﬀect of NF-jB decoy ODN on mRNA expression and activity of
scrambled (Sc) ODN for 24 h, and then stimulated with HG for 24 h (for mRN
mRNA (A) and gelatinolytic activity (B) were analyzed by real-time PCR (n =
0.01 vs. corresponding value in Sc ODN.4. Discussion
As already described in vascular cells including endothelial
and smooth muscle cells [4,5], the results of this study demon-
strated that HG modulated the production and activity of
MMP-2 in AF from mice thoracic aorta. The enhanced pro-
duction of MMP-2 by HG was not due to increased osmolality
since no changes in MMP-2 were observed with equimolar
concentrations of mannitol.
The function of Akt/PKB in the regulation of MMP produc-
tion has been the focus of intensive research [14]. However, the
exact role of Akt/PKB in the MMP production still remains
controversial. In the present study, the enhanced production
and zymographic activity of MMP-2 by HG was attenuated
by a PI3K inhibitor, LY294002 and an Akt inhibitor, SH-5,
but not by MAPK inhibitors including ERK inhibitor,
PD98059, JNK inhibitor, SP600125, and p38 inhibitor,
SB203580. Consistent with the previous study which demon-
strated the role of PI3K/Akt pathway in MMP-2 activation
[15], our experimental data suggest a possible role of PI3K/
Akt signaling pathway in HG-induced MMP-2 production
and activation in AF. Considering the facts that diabetes with
insulin resistance is related to suppression of the Akt cascade
in diﬀerent types of cells [16,17] and macrovascular disease
progresses for several years before clinically overt diabetes
[18], it is suggested that this mechanism is important for diabe-
tes type 1 and, maybe, for the prediabetic state for type 2 dia-
betes at which the activity of PI3K/Akt cascade is not yet
severely suppressed.
Despite a high degree of sequence similarity, Akt1 and Akt2
serve distinct cellular functions in regard to growth, diﬀerenti-
ation and metabolism [19]. In the present study, HG-induced
up-regulation of MMP-2 production was markedly attenuated
in 1KO and DKO cells, but not in 2KO cells. Furthermore, the
attenuated MMP-2 responses to HG in DKO cells were com-
pletely recovered by insertion of Akt1 gene into DKO cells.
Based on our experimental results, it is suggested that Akt1
isoform is much more important for MMP-2 production in
AF than Akt2 isoform.pro MMP-2 
active MMP-2
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A) and 36 h (for zymography), respectively. The expression of MMP-2
4) and zymography (n = 6), respectively. **P < 0.01 vs. control, ##P<
4194 S.J. Lee et al. / FEBS Letters 581 (2007) 4189–4194MMP production is regulated by a variety of cytokines, hor-
mones and growth factors, as well as by shear and oxidative
stress, all of which are known to be operative within the vessel
wall. Thus, it is suggested that constitutive activation of tran-
scription factors is critical and suﬃcient for the production and
activation of MMP-2. However, the detailed mechanism by
which PI3K/Akt signaling pathways stimulates MMP-2 tran-
scription is not well characterized. In our study, HG enhanced
reporter gene activities and EMSA for AP-1 and NF-jB, and
these responses were markedly attenuated in 1KO cells. How-
ever, in contrast to AP-1 in which HG-induced reporter gene
activity and EMSA were enhanced in 1KO cells, both NF-
jB reporter gene activity and EMSA by HG stimulation were
not increased in 1KO cells. Furthermore, HG-induced changes
in MMP-2 mRNA expression and enzyme production were
markedly blunted by NF-jB decoy ODN, but not by AP-1
decoy ODN. These experimental results indicated that activa-
tion of Akt1 by HG increased the DNA binding activity of
NF-jB, leading to enhanced activity of MMP-2 promoter to
activate gene transcription.
In conclusion, this study suggests that NF-jB activation
might be associated intimately with HG-induced MMP-2 pro-
duction in AF, and these processes might be regulated by the
PI3K/Akt1 signaling pathway.
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